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Mini review: STING activation
during non-alcoholic fatty liver
disease
Honggui Li, Xinlei Guo, Eduardo Aquino and Chaodong Wu*

Department of Nutrition, Texas A&M University, College Station, TX, United States

Non-alcoholic fatty liver disease (NAFLD) is one of the most common chronic

diseases serving as a major threat to human health. While the pathogenesis

of NAFLD is multi-factorial, inflammation is considered a critical factor driving

the development and progression of NAFLD phenotype, including liver fibrosis.

As an essential mediator of innate immunity, stimulator of interferon genes

(STING) functions to promote anti-viral immunity. Accumulating evidence also

indicates that STING functions to promote the proinflammatory activation of

several types of liver cells, especially macrophages/Kupffer cells, in a manner

independent of interferon production. Over the past several years, a significant

body of literature has validated a detrimental role for STING in regulating

the pathogenesis of hepatic steatosis and inflammation. In particular, the

STING in macrophages/Kupffer cells has attracted much attention due to its

importance in not only enhancing macrophage proinflammatory activation,

but also generating macrophage-derived mediators to increase hepatocyte fat

deposition and proinflammatory responses, and to activate hepatic stellate cell

fibrogenic activation. Both intracellular and extracellular signals are participating

in STING activation in macrophages, thereby critically contributing to NAFLD

phenotype. This mini review summarizes recent advances on how STING is

activated in macrophages in the context of NAFLD pathophysiology.

KEYWORDS
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1. Introduction

Non-alcoholic fatty liver disease (NAFLD), comprised of a spectrum of chronic liver
diseases whose pathogenesis is not associated with alcohol consumption, is characterized by
excessive fat deposition in hepatocytes (steatosis). Subjects with certain health conditions
such as obesity, metabolic disease, and insulin resistance, are more prone to develop
NAFLD. Indeed, epidemiological data indicate that the incidence of NAFLD in populations
with obesity is increased by about sevenfold relative to that of general populations. While
simple steatosis may be benign and have few or no symptoms, NAFLD progresses to non-
alcoholic steatohepatitis (NASH), the advanced form of NAFLD, when the liver displays
overt inflammatory damage. The diagnosis of NAFLD relies on medical history, a physical
exam, and laboratory tests. However, liver histology is required to diagnose NASH. Healthy
eating and lifestyle changes are recommended to manage NALFD, particularly hepatic
steatosis. However, currently there is no effective treatment for NASH.
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The outcomes of numerous basic research and translational
studies have demonstrated that NASH is one of the most
common causes of terminal liver diseases including hepatocellular
carcinoma. Because of this, a significant number of investigations
have focused on how inflammation arises and then triggers or
exacerbates the development and progression of NAFLD under
obese conditions. As a critical mediator in innate immunity,
stimulator of interferon genes (STING) has been implicated
to promote inflammation. This property enables STING to be
involved in the pathogenesis of NAFLD. This mini review focuses
on the recent advances in understanding STING activation in
macrophages during the pathogenesis of NAFLD.

2. Role of STING in the pathogenesis
of NAFLD

While studying DNA-binding agents for their anti-tumor
properties, researchers synthesized and functionally characterized
the effect of 5,6-dimethylxanthenone-4-acetic acid (DMXAA) in
1990 (1). Since then, the investigations concerning DMXAA actions
have been extended to studying the regulation of macrophage
activation as it related to anti-tumor immunology. In 1994, Perera
et al. showed that DMXAA was able to induce a subset of
lipopolysaccharide (LPS)-inducible genes within primary murine
macrophages (2). Several years later, the lab where DMXAA was
initially synthesized showed that DMXAA was capable of inducing
interferon (IFN) expression (3), suggesting an effect of DMXAA
on stimulating antiviral defensive responses in addition to its
role in promoting the proinflammatory responses. Following these
findings, numerous studies had focused on the mechanisms by
which DMXAA induces IFN expression. In 2007, Roberts et al.
demonstrated DMXAA as a novel and specific activator of the
TANK-binding kinase 1 (TBK1)-IFN regulatory factor 3 (IRF-3)
signaling pathway (4). A year later, the adaptor protein mediator
of IRF3 activation (MITA), known as STING, was functionally
validated to serve as a critical mediator of virus-induced IFN beta
(IFNβ) expression (5). Since then, STING has been studied for
its role in regulating innate immunity and the proinflammatory
responses (6, 7).

The discovery of cyclic 2′,5′-GMP-AMP (cGAMP), generated
by cGAMP synthase (cGAS) in response to cytosolic aberrant
presence of double-stranded DNA (dsDNA), has drawn much
attention to STING for its role in anti-viral immunity. While
examining the effects of cGAMP, the studies by Guo et al. and
Luo et al. showed interesting findings concerning macrophage
activation. Specifically, treatment of bone marrow cell-derived
macrophages (BMDMs) that were prepared from wild-type (WT)

Abbreviations: ADK, adenosine kinase; BMDM, bone marrow-derived
macrophages; cGAMP, cyclic 2′,5′-GMP-AMP; cGAS, cyclic GMP-AMP
synthase; DMXAA, 5,6-dimethylxanthenone-4-acetic acid; dsDNA, double-
stranded DNA; ER, endoplasmic reticulum; HFD, high-fat diet; IFNβ,
interferon beta; IL-1β, interleukin 1β; LPS, lipopolysaccharide; IRF3, interferon
regulatory factor 3; JNK, c-Jun N-terminal kinases; MCD, methionine-
and choline-deficient diet; mEVs, microbial DNA-containing extracellular
vesicles; mtDNA, mitochondrial DNA; NAFLD, non-alcoholic fatty liver
disease; NFκB, nuclear factor kappa B; NASH, non-alcoholic steatohepatitis;
Pp65, phosphorylated p65 subunit of NFκB; Pp46, phosphorylated JNK1
(p46); STING, stimulator of interferon genes; TBK1, TANK-binding kinase 1;
TNFα, tumor necrosis factor α; TGFβ1, transforming growth factor β1.

mice with exogenous cGAMP potentiated the effect of LPS on
stimulating macrophage proinflammatory activation (8). However,
in the absence of functional STING, treatment of mouse BMDMs
with exogenous cGAMP significantly decreased the effect of
LPS on stimulating macrophage proinflammatory activation (9).
These findings led Luo et al. to postulate a role for STING in
regulating inflammation as a key driving factor to promote the
pathogenesis of NAFLD. Accordingly, Luo et al. performed the
first study to examine STING expression in livers from patients
with NAFLD and demonstrated a significant increase in STING
expression in liver non-parenchymal cells (NPCs) relative to that
in livers from subjects without NAFLD (9). Notably, using various
mouse models involving adoptive transfer of STING-disrupted
bone marrow cells to lethally irradiated WT mice or adoptive
transfer of WT bone marrow cells to lethally irradiated STING-
disrupted mice, the study by Luo et al. validated a deleterious
role for STING-driven macrophage activation in promoting hepatic
steatosis and inflammation, as well as liver fibrosis. The concept
that STING-driven macrophage activation critically contributes
to the development and progression of NAFLD or NASH with
liver fibrosis is substantiated by the findings from the study by
Wang et al. upon analyzing STING expression in liver monocyte-
derived macrophages and Kupffer cells (10). Notably, using liver
sections from human subjects with or without NAFLD, Wang et al.
demonstrated that STING expression is significantly increased in
liver sections from patients with NAFLD (10). More importantly,
the intensities of STING expression in macrophages, particular
monocyte-derived macrophages, were positively correlated with
the severities of NASH and/or grades of liver fibrosis. To be noted,
since the first study addressing STING promotion of NAFLD by
Luo et al., a significant number of new studies have confirmed the
importance of STING in NAFLD or NASH pathogenesis, as well
as liver inflammation and related injuries (11–15), and provided
novel insights into STING activation in macrophages, which are
highlighted below.

3. Hepatocyte-driven STING
activation

The earliest evidence concerning the role for STING in
regulating liver inflammation and fibrosis may come from the
results of the study by Petrasek et al. (16). Notably, global deficiency
of IRF3, a transcription factor whose activation is induced in
response to STING activation, protected mice from ethanol-
induced liver inflammatory damage. Due to its role in activating
IRF3 and related downstream events, STING was also studied
for its role in ethanol-induced liver inflammation. Specifically,
STING was detectable at high abundance in whole liver extracts
and associated with phosphorylated IRF3. Moreover, STING
disruption blunted the effect of thapsigargin, a non-competitive
inhibitor of the sarcoendoplasmic reticulum Ca2+ ATPase, on
activating (phosphorylating) IRF3 in mouse primary hepatocytes
and alleviated the severity of ethanol-induced liver inflammation.
Based on this, the authors speculated a role for STING in
hepatocytes in promoting liver inflammation (16). A similar study
by Iracheta-Vellve et al. also indicated a role for STING in
hepatocytes in its association with IRF3 in the context of promoting
carbon tetrachloride (CCl4)-induced hepatocyte apoptosis and
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liver fibrosis (17). Interestingly, in either of the two studies the
researchers only provided the data concerning STING expression
in whole liver extracts, but not hepatocytes, while a role for the
STING in hepatocytes has been speculated. In contrast, increasing
evidence from the studies involving both human subjects and
rodent models indicates that STING expression in hepatocytes is
likely at an undetectable level as this is supported by the data
from immunoblots for STING expression in the isolated primary
hepatocytes or liver immunohistochemistry staining for STING (9,
11, 14, 18). Because of this, the STING in macrophages, but not
hepatocytes, appears to be primarily responsible for the regulation
of liver inflammation. In addition, macrophage STING activation
is attributable to, in large part, hepatocyte-derived mediators.
This is particularly true under conditions with hepatic steatosis;
given that hepatocyte fat deposition is an event that commonly
precedes inflammation.

In terms of how hepatocyte fat deposition causes or
exacerbates liver inflammation, multiple studies have demonstrated
the importance of palmitate as a key component of fats in
triggering or enhancing hepatocyte proinflammatory responses.
For instance, the study by Nakamura et al. showed that palmitate
induced hepatocyte JNK activation, at least through promoting
the production of mitochondrial dysfunction-associated reactive
oxygen species (ROS) (19). Since palmitate-treated hepatocytes
revealed increased production of proinflammatory mediators
that are capable of enhancing macrophage proinflammatory
activation (20, 21), it is conceivable that excessive fat deposition-
associated hepatocyte mediators function to stimulate macrophage
proinflammatory activation and this process involves STING.
This, indeed, was validated by the findings from the study by
Yu et al. Initially, Yu et al. verified that STING was highly
expressed in liver Kupffer cells and was nearly undetectable
in hepatocytes of WT mice while showing that global STING
disruption protected mice from either high-fat die (HFD)-induced
NAFLD or methionine- and choline-deficient diet (MCD)-induced
NASH. This led the researchers to validate hepatocyte-derived
mitochondrial DNA (mtDNA) as a key mediator that functions
to stimulate the STING in Kupffer cells, as a result of cGAS
activation and cGAMP production, and increase the expression of
proinflammatory cytokines in Kupffer cells. This in turn accounts
for liver inflammation. In addition, STING promotion of the
expression of proinflammatory cytokines in Kupffer cells was
largely independent of IRF3. However, it remains an important
question whether hepatocyte-derived mtDNA is sufficient to trigger
or exacerbate NAFLD or NASH phenotype while stimulating
STING in liver Kupffer cells and promoting proinflammatory
cytokine expression.

While increased mtDNA production is a hallmark of
hepatocyte mitochondrial dysfunction/stress, excessive fat
deposition is considered to trigger or exacerbate hepatocyte
mitochondrial dysfunction. Indeed, the study by Yu et al.
hinted at a link between excessive fat deposition and hepatocyte
mitochondrial dysfunction as this was evidenced by the finding
that hepatocyte mtDNA production is increased in mice fed an
HFD. However, palmitate, proposed as a primary fatty acid that
functions to induce hepatocyte mitochondrial dysfunction, is a
hydrolytic product of VLDL, whose secretion by hepatocytes is
not necessarily elevated during hepatic steatosis. Considering
this, aberrant subcellular deposition of fatty acids must exist

FIGURE 1

Macrophage STING promotes the pathogenesis of NAFLD. As a
mediator of innate immunity, stimulator of interferon genes (STING)
also exerts a crucial role in regulating inflammation. Within
macrophages, double-stranded DNA (dsDNA) generated in
response to mitochondrial dysfunction or endoplasmic reticulum
stress activates cyclic GMP-AMP (cGAMP) synthase (cGAS) to
increase cGAMP production. The latter, in turn, activates STING to
promote macrophage proinflammatory activation. Inside the liver,
hepatocytes are a key source that releases dsDNA including
mitochondrial DNA and fragment DNA when under stress
conditions. This, in turn, acts through cGAS-cGAMP signaling to
activate the STING in macrophages. In addition, extra-hepatic
mediators, i.e., gut-derived microbial DNA, exert a similar function
in terms of activating macrophage STING in the liver. When
activated, STING-stimulated macrophage activation promotes the
development and progression of hepatic steatosis and
inflammation. See text for details.

in hepatocytes and account for, to a certain extent, hepatocyte
mitochondrial dysfunction and mtDNA production during hepatic
steatosis. This notion is supported by the findings of a recent study
investigating the role for hepatocyte adenosine kinase (ADK) in
regulating fat deposition and liver inflammation. In that study, Li
et al. showed that hepatocyte-specific ADK overexpression caused
excessive fat deposition in hepatocytes, which was characterized by
increased mitochondrial membrane accumulation of multiple bis-
monoacylglycerol phosphate and lysophosphatidylcholine species
and significantly decreased membrane levels of tetralinoleoyl
cardiolipin (18:2-18:2-18:2-18:2), indicating increased oxidative
stress and mitochondrial dysfunction (22). The latter was
accompanied with increased hepatic mtDNA production and
increased STING activation in liver macrophages (22). As such,
intracellular accumulation of fats in excessive amount is one of the
primary causes of increased production of hepatocyte mtDNA,
which in turn functions to stimulate macrophage cGAS-cGAMP
signaling and STING activation.

During liver injury in the absence of excessive fat deposition,
hepatocyte production/release of mtDNA is increased and causes
STING activation, in response to increased cGAS-cGAMP
signaling, in liver macrophages/Kupffer cells (13). Specifically, the
study by Chen et al. showed that hepatocyte-specific deletion of
Sam50, a key component of the sorting and assembly machinery
(SAM) necessary for the assembly of β-barrel proteins in the
mitochondrial outer membrane, induced cardiolipin-dependent
mitochondrial membrane remodeling to trigger mtDNA release.
The latter was accompanied by increased STING amount and
signaling in liver cells including macrophages, which in turn
accounted for increased liver inflammatory injury. Similarly, the
study by Liu et al. showed that the X-box binding protein 1
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(XBP1) in hepatocytes was linked to macrophage STING activation
through hepatocyte-derived mtDNA (23).

4. Extrahepatic mediator-stimulated
STING activation

While the interplays among liver cells are key to the
pathogenesis of NAFLD, extra-hepatic tissues have been shown
to also regulate the development and progression of hepatic
steatosis and inflammation as this is highlighted by the multiple-hit
theory for NAFLD. For instance, under obese conditions, various
mediators associated with adipose tissue dysfunction participate
in the initiation and progression of NAFLD phenotype. These
mediators include fatty acids, adipokines, and cytokines (24),
many of which have been implicated to trigger or enhance liver
inflammation through their actions on both hepatocytes and
liver NPCs (24). It is worth noting that intestinal inflammation
is increased not only under obese conditions, but also under
conditions of lipoatrophy or absence of abdominal fat as this
is supported by outcomes from mice fed an obesogenic/pro-
NAFLD HFD or MCD diet (25–28). In particular, MCD-fed mice
displayed increased intestinal inflammation that was correlated
with corresponding degrees of liver inflammation while showing
almost no abdominal fat. This suggests that intestinal inflammation
could be more important than white adipose tissue inflammation
in terms of triggering or exacerbating liver inflammation under
certain conditions, e.g., lipoatrophy.

As it is extensively reviewed elsewhere, gut dysbiosis is a
key factor contributing to NAFLD pathogenesis (29–32). Of
note, “leaky gut” is shown to increase the delivery of nutrients
and proinflammatory mediators to the liver to promote NAFLD
phenotype. This role of gut-derived mediator(s) is well exemplified
by the effect of bacterial DNA on promoting liver inflammation
in the context of STING involvement in the development of liver
inflammation (12). Initially, Luo et al. validated that gut microbial
DNA-containing extracellular vesicles (mEVs) were translocated in
the circulation and metabolic tissues including the liver in both
HFD-fed WT mice and obese humans relative to their respective
control. This type of mEVs is shown to enhance liver inflammation
in mice primarily through stimulating STING activation in liver
cells including hepatocytes. The same outcome could be expected
for liver macrophages, whose response to mEVs in terms of STING
activation, however, was not examined. It is worth noting that
liver CRIg+ macrophages were shown to exert a unique function
of clearing intestinal mEVs from circulation, thereby protecting
against liver inflammation. As substantial evidence, treatment of
chow diet-fed CRIg-deficient mice with obese mEVs significantly
increased the abundance of liver cytokines including interleukin
1 beta and tumor necrosis factor alpha relative to control-treated
CRIg-deficient mice. This effect of mEVs was significantly lighter in
WT mice, and was due to, in large part, the less activation of STING
pathway in the liver. Based on these findings, it is conceivable
that microbial DNA, when translocated to the liver, is capable
of stimulating liver inflammation in a manner involving STING.
While it remains debatable if normal hepatocytes express STING, it
is very likely that the STING in liver macrophages can be activated
by microbial DNA and account for liver inflammation.

5. Conclusion

Inflammation not only underlies the pathogenesis of NAFLD,
but also drives the progression of simple hepatic steatosis to
NASH (9, 10, 21, 33–36). In terms of regulating inflammation,
STING, an essential mediator of innate immunity, has also been
implicated to exert a crucial role in promoting macrophage
proinflammatory activation in a manner independent of IFNβ

production (11, 17). Within the liver, macrophage STING
can be activated by increased cGAS-cGAMP signaling in
response to intracellular dsDNA due to mitochondrial stress or
endoplasmic reticulum (ER) stress (14, 23). Moreover, under
stress conditions, e.g., excessive fat deposition in hepatocytes,
macrophage STING can be activated by increased cGAS-cGAMP
signaling in response to exogeneous dsDNA, e.g., mtDNA,
derived from hepatocytes (11, 16, 17, 22). This paracrine effect
of hepatocyte-driven mediators on macrophage STING activation
exemplifies dysregulation of crosstalk between macrophages
and hepatocytes in the context of promoting the pathogenesis
of NAFLD/NASH. In addition, during obesity, gut-derived
microbial DNA can also be translocated to the liver and
is expected to activate macrophage STING through cGAS-
cGAMP signaling (12). The combined effects of hepatic and
extrahepatic mediators on activating STING lead to enhanced
macrophage proinflammatory activation, which in turn promotes
liver inflammation and causes dysregulation of hepatocyte
fat metabolism to trigger or exacerbate hepatic steatosis. The
latter is attributable to, in large part, the paracrine effects
of macrophage-driven mediators including proinflammatory
cytokines on hepatocytes as reviewed elsewhere. As summarized
in Figure 1, the STING in macrophages plays a central role in
the pathogenesis of NAFLD. Accordingly, inhibiting STING in
liver macrophages/Kupffer cells may be a viable approach for the
management of NAFLD/NASH.

Author contributions

HL, XG, and EA wrote in part of the manuscript. CW came up
the concept and finalized the manuscript. All authors contributed
to the article and approved the submitted version.

Funding

This work was supported in whole or in part by grants from the
National Institutes of Health (DK095862 and DK124854 to CW).
Also, CW was supported by the Hatch Program of the National
Institute of Food and Agriculture (NIFA).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Frontiers in Nutrition 04 frontiersin.org

https://doi.org/10.3389/fnut.2023.1139339
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/


fnut-10-1139339 February 23, 2023 Time: 15:5 # 5

Li et al. 10.3389/fnut.2023.1139339

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

References

1. Thomsen LL, Ching LM, Baguley BC. Evidence for the production of nitric oxide
by activated macrophages treated with the antitumor agents flavone-8-acetic acid and
xanthenone-4-acetic acid. Cancer Res. (1990) 50:6966–70.

2. Perera PY, Barber SA, Ching LM, Vogel SN. Activation of LPS-inducible genes
by the antitumor agent 5,6-dimethylxanthenone-4-acetic acid in primary murine
macrophages. Dissection of signaling pathways leading to gene induction and tyrosine
phosphorylation. J Immunol. (1994) 153:4684.

3. Cao Z, Baguley BC, Ching LM. Interferon-inducible protein 10 induction and
inhibition of angiogenesis in vivo by the antitumor agent 5,6-dimethylxanthenone-
4-acetic acid (DMXAA). Cancer Res. (2001) 61:1517–21.

4. Roberts ZJ, Goutagny N, Perera P-Y, Kato H, Kumar H, Kawai T, et al. The
chemotherapeutic agent DMXAA potently and specifically activates the TBK1–IRF-3
signaling axis. J Exp Med. (2007) 204:1559–69. doi: 10.1084/jem.20061845

5. Zhong B, Yang Y, Li S, Wang Y-Y, Li Y, Diao F, et al. The adaptor protein MITA
links virus-sensing receptors to IRF3 transcription factor activation. Immunity. (2008)
29:538–50.

6. Ahn J, Gutman D, Saijo S, Barber GN. STING manifests self DNA-dependent
inflammatory disease. Proc Natl Acad Sci U.S.A. (2012) 109:19386–91. doi: 10.1073/
pnas.1215006109

7. Conlon J, Burdette DL, Sharma S, Bhat N, Thompson M, Jiang Z, et al. Mouse,
but not human STING, binds and signals in response to the vascular disrupting agent
5,6-dimethylxanthenone-4-acetic acid. J Immunol. (2013) 190:5216–25.

8. Guo X, Shu C, Li H, Pei Y, Woo S-L, Zheng J, et al. Cyclic GMP-AMP
ameliorates diet-induced metabolic dysregulation and regulates proinflammatory
responses distinctly from STING activation. Sci Rep. (2017) 7:6355. doi: 10.1038/
s41598-017-05884-y

9. Luo X, Li H, Ma L, Zhou J, Guo X, Woo S-L, et al. Expression of STING is
increased in liver tissues from patients with NAFLD and promotes macrophage-
mediated hepatic inflammation and fibrosis in mice. Gastroenterology. (2018)
155:1971–84. doi: 10.1053/j.gastro.2018.09.010

10. Wang X, Rao H, Zhao J, Wee A, Li X, Fei R, et al. STING expression in monocyte-
derived macrophages is associated with the progression of liver inflammation and
fibrosis in patients with nonalcoholic fatty liver disease. Lab Invest. (2020) 100:542–52.
doi: 10.1038/s41374-41019-40342-41376

11. Yu Y, Liu Y, An W, Song J, Zhang Y, Zhao X. STING-mediated inflammation in
Kupffer cells contributes to progression of nonalcoholic steatohepatitis. J Clin Invest.
(2019) 129:546–55. doi: 10.1172/JCI121842

12. Luo Z, Ji Y, Gao H, Gomes Dos Reis FC, Bandyopadhyay G, Jin Z, et al. CRIg+
macrophages prevent gut microbial DNA–containing extracellular vesicle–induced
tissue inflammation and insulin resistance. Gastroenterology. (2021) 160:863–74. doi:
10.1053/j.gastro.2020.10.042

13. Chen L, Dong J, Liao S, Wang S, Wu Z, Zuo M, et al. Loss of Sam50 in
hepatocytes induces cardiolipin-dependent mitochondrial membrane remodeling to
trigger mtDNA release and liver injury. Hepatology. (2022) 76:1389–408.

14. Zhang Q, Wei J, Liu Z, Huang X, Sun M, Lai W, et al. STING signaling sensing
of DRP1-dependent mtDNA release in kupffer cells contributes to lipopolysaccharide-
induced liver injury in mice. Redox Biol. (2022) 54:102367. doi: 10.1016/j.redox.2022.
102367

15. Zhong W, Rao Z, Xu J, Sun Y, Hu H, Wang P, et al. Defective mitophagy in
aged macrophages promotes mitochondrial DNA cytosolic leakage to activate STING
signaling during liver sterile inflammation. Aging Cell. (2022) 21:e13622. doi: 10.1111/
acel.13622

16. Petrasek J, Iracheta-Vellve A, Csak T, Satishchandran A, Kodys K, Kurt-Jones
EA, et al. STING-IRF3 pathway links endoplasmic reticulum stress with hepatocyte
apoptosis in early alcoholic liver disease. Proc Natl Acad Sci U.S.A. (2013) 110:16544–9.
doi: 10.1073/pnas.1308331110

17. Iracheta-Vellve A, Petrasek J, Gyongyosi B, Satishchandran A, Lowe P, Kodys
K, et al. Endoplasmic reticulum stress-induced hepatocellular death pathways mediate
liver injury and fibrosis via stimulator of interferon genes. J Biol Chem. (2016)
291:26794–805. doi: 10.1074/jbc.M116.736991

18. Thomsen MK, Nandakumar R, Stadler D, Malo A, Valls RM, Wang F, et al. Lack
of immunological DNA sensing in hepatocytes facilitates hepatitis B virus infection.
Hepatology. (2016) 64:746–59. doi: 10.1002/hep.28685

19. Nakamura S, Takamura T, Matsuzawa-Nagata N, Takayama H, Misu H, Noda H,
et al. Palmitate induces insulin resistance in H4IIEC3 hepatocytes through reactive
oxygen species produced by mitochondria. J Biol Chem. (2009) 284:14809–18. doi:
10.1074/jbc.M901488200

20. Woo S-L, Xu H, Li H, Zhao Y, Hu X, Zhao J, et al. Metformin ameliorates
hepatic steatosis and inflammation without altering adipose phenotype in diet-induced
obesity. PLoS One. (2014) 9:e91111. doi: 10.1371/journal.pone.0091111

21. Ma L, Li H, Hu J, Zheng J, Zhou J, Botchlett R, et al. Indole alleviates diet-induced
hepatic steatosis and inflammation in a manner involving myeloid cell PFKFB3.
Hepatology. (2020) 72:1191–203. doi: 10.1002/hep.31115

22. Li H, Zheng J, Xu Q, Yang Y, Zhou J, Guo X, et al. Hepatocyte adenosine kinase
promotes excessive fat deposition and liver inflammation. Gastroenterology. (2023)
164:134–46. doi: 10.1053/j.gastro.2022.09.027

23. Liu Z, Wang M, Wang X, Bu Q, Wang Q, Su W, et al. XBP1 deficiency promotes
hepatocyte pyroptosis by impairing mitophagy to activate mtDNA-cGAS-STING
signaling in macrophages during acute liver injury. Redox Biol. (2022) 52:102305.
doi: 10.1016/j.redox.2022.102305

24. Wang X, Rao H, Liu F, Wei L, Li H, Wu C. Recent advances in adipose tissue
dysfunction and its role in the pathogenesis of non-alcoholic fatty liver disease. Cells.
(2021) 10:3300.

25. Ding S, Chi MM, Scull BP, Rigby R, Schwerbrock NMJ, Magness S, et al. High-
fat diet: bacteria interactions promote intestinal inflammation which precedes and
correlates with obesity and insulin resistance in mouse. PLoS One. (2010) 5:e12191.
doi: 10.1371/journal.pone.0012191

26. Guo X, Li H, Xu H, Halim V, Thomas LN, Woo S-L, et al. Disruption of
inducible 6-phosphofructo-2-kinase impairs the suppressive effect of PPARg activation
on diet-induced intestine inflammatory response. J Nutr Biochem. (2013) 24:770–5.
doi: 10.1016/j.jnutbio.2012.04.007

27. Matthews DR, Li H, Zhou J, Li Q, Glaser S, Francis H, et al. Methionine-
and choline-deficient diet–induced nonalcoholic steatohepatitis is associated with
increased intestinal inflammation. Am J Pathol. (2021) 191:1743–53.

28. Zhu B, Li H, Lu B, Guo X, Wu C, Wang F, et al. Indole supplementation
ameliorates MCD-induced NASH in mice. J Nutr Biochem. (2022) 107:109041. doi:
10.1016/j.jnutbio.2022.109041

29. Leung C, Rivera L, Furness JB, Angus PW. The role of the gut microbiota in
NAFLD. Nat Rev Gastroenterol Hepatol. (2016) 13:412.

30. Yu J, Marsh S, Hu J, Feng W, Wu C. The pathogenesis of nonalcoholic fatty liver
disease: interplay between diet, gut microbiota, and genetic background. Gastroenterol
Res Pract. (2016) 2016:2862173.

31. Kolodziejczyk AA, Zheng D, Shibolet O, Elinav E. The role of the microbiome in
NAFLD and NASH. EMBOMol Med. (2019) 11:e9302.

32. Jiang X, Zheng J, Zhang S, Wang B, Wu C, Guo X. Advances in the involvement
of gut microbiota in pathophysiology of NAFLD. Front Med. (2020) 7:361. doi: 10.
3389/fmed.2020.00361

33. Deng Z, Liu Y, Cunren Liu C, Xiang X, Wang J, Cheng Z, et al. Immature myeloid
cells induced by a high-fat diet contribute to liver inflammation. Hepatology. (2009)
50:1412–20. doi: 10.1002/hep.23148

34. Huang W, Metlakunta A, Dedousis N, Zhang P, Sipula I, Dube JJ, et al. Depletion
of liver Kupffer cells prevents the development of diet-induced hepatic steatosis and
insulin resistance. Diabetes. (2010) 59:347–57. doi: 10.2337/db09-0016

35. Xu H, Li H, Woo S-L, Kim S-M, Shende VR, Neuendorff N, et al. Myeloid cell-
specific disruption of Period1 and Period2 exacerbates diet-induced inflammation and
insulin resistance. J Biol Chem. (2014) 289:16374–88. doi: 10.1074/jbc.M113.539601

36. Cai Y, Li H, Liu M, Pei Y, Zheng J, Zhou J, et al. Disruption of adenosine
2A receptor exacerbates NAFLD through increasing inflammatory responses and
SREBP1c activity. Hepatology. (2018) 68:48–61. doi: 10.1002/hep.29777

Frontiers in Nutrition 05 frontiersin.org

https://doi.org/10.3389/fnut.2023.1139339
https://doi.org/10.1084/jem.20061845
https://doi.org/10.1073/pnas.1215006109
https://doi.org/10.1073/pnas.1215006109
https://doi.org/10.1038/s41598-017-05884-y
https://doi.org/10.1038/s41598-017-05884-y
https://doi.org/10.1053/j.gastro.2018.09.010
https://doi.org/10.1038/s41374-41019-40342-41376
https://doi.org/10.1172/JCI121842
https://doi.org/10.1053/j.gastro.2020.10.042
https://doi.org/10.1053/j.gastro.2020.10.042
https://doi.org/10.1016/j.redox.2022.102367
https://doi.org/10.1016/j.redox.2022.102367
https://doi.org/10.1111/acel.13622
https://doi.org/10.1111/acel.13622
https://doi.org/10.1073/pnas.1308331110
https://doi.org/10.1074/jbc.M116.736991
https://doi.org/10.1002/hep.28685
https://doi.org/10.1074/jbc.M901488200
https://doi.org/10.1074/jbc.M901488200
https://doi.org/10.1371/journal.pone.0091111
https://doi.org/10.1002/hep.31115
https://doi.org/10.1053/j.gastro.2022.09.027
https://doi.org/10.1016/j.redox.2022.102305
https://doi.org/10.1371/journal.pone.0012191
https://doi.org/10.1016/j.jnutbio.2012.04.007
https://doi.org/10.1016/j.jnutbio.2022.109041
https://doi.org/10.1016/j.jnutbio.2022.109041
https://doi.org/10.3389/fmed.2020.00361
https://doi.org/10.3389/fmed.2020.00361
https://doi.org/10.1002/hep.23148
https://doi.org/10.2337/db09-0016
https://doi.org/10.1074/jbc.M113.539601
https://doi.org/10.1002/hep.29777
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/

	Mini review: STING activation during non-alcoholic fatty liver disease
	1. Introduction
	2. Role of STING in the pathogenesis of NAFLD
	3. Hepatocyte-driven STING activation
	4. Extrahepatic mediator-stimulated STING activation
	5. Conclusion
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	References


